Morphology of Ni tips and microstructures of carbon tubules were investigated and a growth model for carbon tubules was proposed. Triangular shaped Ni tips and piled-cone structure of carbon tubules were observed at the growth temperature of 500°C. At the high growth temperature of 620°C, smoothened edge shaped Ni tips were found and graphite layers became parallel to the growth direction as they were close to the outer wall of carbon tubules. Formation of Ni nuclei for carbon tubule growth was explained by NH 3 pre-etching and precipitation of carbon atoms diffused from the surface of the Ni layer. A preferential growth of carbon tubules was observed and explained with the Ni orientation and size effect. A modified tip growth model based on surface diffusion was proposed for the growth mechanism of carbon tubules.
I. INTRODUCTION
Hollow carbon fibers have been observed for several decades, however the first report by Iijima 1 on the observation of the carbon nanotubes ͑CNTs͒ with the diameter in the nanometer range and on their relation to the fullerene has triggered worldwide research. Since then, research on CNTs in various fields has been intensively carried out because of their prospects in science and potentials in application. Among various synthesis methods such as arc discharge, 2 laser vaporization, 3 pyrolysis, 4 and chemical vapor deposition ͑CVD͒ 5, 6 plasma enhanced CVD ͑PECVD͒ has received considerable attention because PECVD can provide vertically well-aligned CNTs at a relatively low temperature with high purity and high yield. 6 Transition metal catalysts were employed in CVD and were found to be critical to the formation of CNTs. The size of catalytic particle determined the diameter of the CNTs and the faced shape of the catalysts affected the intrinsic structure of the carbon tubules. 7 It is well known that metal catalysts play a key role in the formation of CNTs but, an exact role of catalytic particles in the CNT growth process is still not clearly understood. To identify the role of catalytic particles and to control the microstructure of CNTs, the growth mechanism of CNTs should be addressed.
In this study, morphology of Ni tips of carbon tubules grown at 550 and 620°C were investigated with microstructure analysis of carbon tubules. The growth process of carbon tubules was studied by transmission electron microscopy ͑TEM͒. A tip growth mechanism of carbon tubules was proposed based on our observation.
II. EXPERIMENT
Carbon tubules were grown using a dc PECVD system. 8 Acetylene (C 2 H 2 ) and ammonia (NH 3 ) gas were used as a carbon source and catalyst, respectively. A thin nickel layer was coated on glass by dc magnetron sputtering. For the room temperature deposition of the nickel catalytic layer, the base pressure and operating pressure of the chamber were kept below 7ϫ10 Ϫ5 and 5ϫ10 Ϫ3 Torr, respectively. The operating current for Ni deposition was 0.3 A and the flow rate of argon gas was 10 sccm. The thickness of the nickel film was 30 nm. Prior to carbon tubule growth, the substrate was cleaned in trichloroethylene, acetone, and methanol for 10 min, and rinsed in de-ionized water. The substrate was transferred to the chamber and pumped down below 2 ϫ10 Ϫ5 Torr by a mechanical and a diffusion pump. Then NH 3 was introduced into the chamber. After a working pressure of 3 Torr has been stabilized, the dc power supply for plasma generation was turned on. IR lamp heating was used for temperature control. The pretreatment for surface etching of the nickel layer was conducted by NH 3 plasma for 4 min. The bias voltage and flow rate of C 2 H 2 for surface etching were 450 V and 160 sccm, respectively. After pretreatment, C 2 H 2 was introduced into the chamber for the growth of carbon tubules, where the flow rates of NH 3 and C 2 H 2 were 160 and 80 sccm, respectively. The bias voltage for plasma was 600 V and the substrate temperature changed from 500 to 620°C. The substrate Figure 1͑a͒ shows the tip morphology of the carbon tubules grown at 500°C. The diameter of carbon tubules was about 240 nm, which was much larger than that of carbon tubules grown at high temperature. The inner diameter of the carbon tubule was about 7.6 nm. The Ni catalytic particle showed the triangular shape with the flat forefront surface. It was reported that this surface was the catalytically active plane of Ni and was responsible for producing carbon atoms. 7, 9 As shown in the inset of Fig. 1͑a͒ and forefront facet of the Ni particle was identified as Ni ͑420͒. Figure 1͑b͒ exhibits the morphology of the bottom of the carbon tubules grown at 500°C. The shape of the bottom of the carbon tubule was exactly the same as that of the Ni particle as shown in Fig. 1͑a͒ . The shape of the top and bottom of carbon tubules and morphology of Ni catalytic particles experimentally support the growth model proposed by Kuang et al. 7 and Wang and Kang 10 and Okai et al. 11 The diffusion path of carbon atoms from the forefront of the Ni particle to the bottom of the Ni particle needs to be identified. The HRTEM image of the wall structure was shown in Fig. 1͑c͒ . The graphite layer was formed almost parallel to the lateral plane of the triangular shaped Ni catalytic particles, resulting in the piled-cone structure of carbon tubules. Carbon atoms decomposed at the forefront of the Ni particle, reached the bottom of the Ni particle through the surface and/or bulk diffusion, and then formed the graphite layer without rearrangement at the bottom of the Ni particle due to the reduced atomic mobility at low growth temperature. Figure 2͑a͒ shows the cross-sectional TEM image of carbon tubules grown on the glass substrate covered with Ni catalytic layer at 620°C. The TEM sample was obtained by slicing the carbon tubules sample with an ultramicrotome. Three different regions with distinct features in the growth process of carbon tubules were observed. Region A provided information on the nucleation of carbon tubules. Ni catalytic particles of 10-20 nm size were formed and detached from the substrate. The Ni catalytic layer deposited on the glass substrate was cracked during the NH 3 pre-etching process as shown in the inset of Fig. 2͑a͒ . C 2 H 2 was decomposed at the Ni catalytic layer surface. Small Ni particles acted as the nucleation sites for the carbon tubule growth. Region B in Fig. 2͑a͒ was the region where many small carbon tubules of 180-250 nm in length were entangled. In Fig. 2͑b͒ , many small Ni particles less than 15 nm in diameter ͓denoted as B in Fig. 2͑b͔͒ are not the Ni tips usually observed at the top of carbon tubules but the fragments produced from the detached Ni particles. It was reported that fragments of Ni particles were produced from the Ni tips during the carbon tubule growth. 11 The Ni particle marked A in Fig. 2͑b͒ was the tip of the carbon tubules. Random orientation of graphite layers observed in Fig. 2͑b͒ was attributed to the overlapping of misaligned carbon tubules and also confirmed that the graphization of the tubules was not so good at the initial stage of growth. Region C in Fig. 2͑a͒ showed a completely different feature from that observed in region B. A small number of carbon tubules preferentially grew out of many carbon tubules at the initial stage shown in region B. The preferential growth of carbon tubules during the growth process can be explained with two models. One is the model proposed by Kuang 7 where growth of carbon tubules exhibited a preferred orientation related to the catalytically active surface of Ni tips. Among carbon tubules with randomly oriented Ni tips shown at the initial stage of growth, carbon tubules with Ni tips with relatively active facet can grow fast while the growth of carbon tubules with Ni tips of another orientation was hampered, resulting in the preferential growth of carbon tubules. The other model is based on the optimization of tip size. As the tip size decreases, the surface area of tip per volume increases, which implies an increase in the supply of carbon atoms from the catalytic reaction of C 2 H 2 . However, for too small tips, the carbon supply from the catalytic reaction of C 2 H 2 was severely limited, leading to no further growth of carbon tubules. Thus, only carbon tubules with the optimal size of Ni tips continue to grow. The HRTEM image of carbon tubules in the C region of Fig. 2͑a͒ was magnified in Fig. 2͑c͒ . The diameter of the carbon tubules was about 70 nm, where the size of Ni tips became smaller and thinner compared to that of Ni tips grown at 500°C ͓see Figs. 1͑a͒ and 1͑b͔͒. The smoothened edge of a Ni tip was attributed to the high growth temperature. Graphite layers formed near the bottom of Ni tips were parallel to the lateral plane of Ni tips, however graphite layers became parallel to the growth direction as they moved toward the outer side of the wall. The structure of the carbon tubule was no longer the piled-cone structure shown in Fig. 1 . It may be due to the enhanced mobility of carbon atoms reaching the bottom of the Ni tips at the high growth temperature of 620°C.
III. RESULTS AND DISCUSSION
Based on the observation of carbon tubule growth, a tip growth mechanism of carbon tubules was proposed in this article. The Ni particle formation from the Ni layer took place first. During the NH 3 pretreatment, the Ni layer surface became roughened and cracked ͓see Fig. 3͑a͔͒ . C 2 H 2 gas was decomposed at the Ni surface releasing heat due to the exothermic nature of the reaction. The temperature gradient was established through the Ni layer. Carbon atoms decomposed from C 2 H 2 first diffused on the catalytically active plane surface of the Ni layer and then diffused into the Ni layer through the grain boundary or a specific crystal plane due to the concentration gradient. Segregation of carbon atoms at defects and precipitation of carbon atoms in the Ni layer occurred because the solubility of the carbon atom was decreased due to the low temperature in the Ni layer ͓Fig. 3͑b͔͒. The segregation of carbon atoms also produced a large strain, resulting in the formation of microcracks and defects. These crystalline defects accelerated the segregation of diffused carbon atoms. Carbon atoms formed the graphite layer and finally the Ni particle was lifted off from the Ni layer ͓Fig. 3͑c͔͒. Some Ni particles changed shape due to the liquid-like behavior and took on the wedge shape. 7 The size and shape of Ni particles were dependent on the growth temperature. Then, the Ni particles acted as the nucleation site for the carbon tubules. Carbon atoms which reached the bottom of the Ni tips through diffusion continued to grow into carbon tubules at the initial stage of the growth process ͓Fig. 3͑d͔͒. Finally, preferential growth of carbon tubules took place due to the orientation of the Ni tip and/or the size optimization ͓Fig. 3͑e͔͒.
IV. CONCLUSIONS
Morphology of Ni particles and the microstructure of carbon tubules were found to be dependent on the growth temperature. Triangle-shaped Ni tips and piled-cone structure of carbon tubules were observed at a growth temperature of 500°C. At the high growth temperature of 620°C smoothening of edge-shaped Ni tips was observed and the graphite layer became parallel to the growth direction. The modified tip growth model based on surface diffusion was proposed for the growth mechanism of carbon tubules. The preferential growth of carbon tubules was observed and explained by the orientation and size of the Ni particle. FIG. 3 . Proposed tip growth model of carbon tubules: ͑a͒ cracking of a Ni layer during the NH 3 pretreatment; ͑b͒ diffusion of carbon atoms decomposed at the Ni layer surface into the Ni layer, and segregation and precipitation of carbon atoms at defects in the Ni layer; ͑c͒ formation of a graphite layer at the bottom of Ni particles; ͑d͒ liftoff of a Ni tip from the Ni layer; ͑e͒ initial growth of carbon tubules from the Ni particles; and ͑f͒ the preferential growth of carbon tubules.
